TONKONOGI, M., and K. SAHLIN. Physical exercise and mitochondrial function in human skeletal muscle. Exerc. Sport Sci. Rev., Vol. 30, No. 3, pp. 129 -137, 2002. Muscle adaptation to endurance training involves qualitative changes in intrinsic properties of mitochondria. After training, the ADP sensitivity of mitochondrion is decreased whereas the effect of creatine on respiration is increased. This results in an improved control of aerobic energy production. Acute exercise does not adversely affect mitochondrial function.
INTRODUCTION
Mitochondrial function remains central to our understanding of bioenergetics. During physical exercise, energy turnover in skeletal muscle may increase by 400 times compared with muscle at rest, and muscle oxygen consumption may increase by more than 100 times. During steady state, the rate of mitochondrial ATP production is closely matched to the rate of ATP hydrolysis and demonstrates the existence of efficient cellular mechanisms to control mitochondrial ATP synthesis in a wide dynamic range. There is convincing evidence that the maximal mitochondrial oxidative power (V max ) in human skeletal muscle is in excess of what is required during exercise with large muscle groups (e.g., two-legged exercise). Despite this apparent overcapacity there is a further increase in mitochondrial density during endurance training. Although this adaptation will have little influence on whole body maximal oxygen utilization (V O 2 max) it will play a major role in reducing the metabolic perturbations and increasing endurance during submaximal exercise. The phenomenon of training-induced rise in V max is well understood and extensively confirmed by morphological studies and observations at the level of single mitochondrial enzymes. However, much less is known about how training and acute exercise influence qualitative aspects of mitochondrial function such as the efficiency of oxidative energy transfer, the sensitivity of mitochondrial function to effectors (e.g., ADP, free fatty acids, creatine (Cr), phosphocreatine (PCr), reactive oxygen species (ROS)), and mitochondrial fuel utilization. To answer these types of questions, experiments on viable, functionally intact human muscle mitochondria are required. Until recently, studies on human muscle mitochondria were hampered by considerable methodological difficulties. In recent years techniques suitable for experiments in the field of human exercise physiology have been developed.
In this brief review we summarize the recent research related to the adaptation of mitochondrial function in human skeletal muscle to acute exercise and to endurance training. The article focuses on bioenergetic aspects of mitochondrial function, and in particular on interaction between mitochondria and cytosolic metabolic changes. The emphasis is on human muscle, but some general doctrines obtained from animal studies are also discussed. Related topics such as mitochondrial biogenesis, the role of mitochondria in apoptosis, and aging are discussed in several excellent reviews and monographs published over the recent years and are not covered by the present article.
METHODS FOR ASSESSMENT OF MITOCHONDRIAL FUNCTION

Cell-Free Systems: Isolated Mitochondria and Muscle Homogenate
Isolation of mitochondria is based on disruption of the cell structure by the shearing forces developed by the rotating homogenizer pestle and the subsequent centrifugation of the homogenate at a series of increasing rotor speeds (Fig. 1) . The technique was originally developed for measurements on samples from tissues with high mitochondrial density, such as heart or liver. The low mitochondrial density and abundance of collagen and myofibrillar proteins complicate the extraction of mitochondria from skeletal muscle. This will reduce the yield of mitochondria, and large muscle samples are therefore required for the measurements. Large muscle samples can be obtained by surgical techniques and have been used for a long time to diagnose mitochondrial dysfunction. The requirement of rather large samples (1 g muscle or more, which is considerably more than can be obtained with the percutaneous needle biopsy technique) has strongly limited studies of mitochondrial function in the field of human exercise physiology. In recent years many efforts have been made to develop techniques where small muscle samples could be used. By exploiting the high sensitivity of chemiluminescence, Wibom and Hultman (15) could accurately measure the rate of ATP production (MAPR) in isolated mitochondria from human muscle biopsies with a weight of less than 100 mg. With this method, mitochondrial ATP production rate can be measured simultaneously with different substrate combinations. However, the information that can be obtained from MAPR is limited to ATP production.
The classical method to study mitochondrial bioenergetics is based on measurements of mitochondrial oxygen consumption with an oxygen sensitive electrode (Fig. 1) . In addition to maximal oxidative power this technique can provide information about qualitative aspects of mitochondrial function such as P/O ratio and degree of respiratory control. Furthermore, the technique provides a possibility to study the magnitude and properties of the respiration that are not related to oxidative phosphorylation (noncoupled respiration, NCR). NCR is caused by back leakage of protons into mitochondrial matrix and is believed to be mediated by specific proteins such as uncoupling protein (UCP3) and adenine nucleotide translocase. NCR is involved in a number of cellular processes (e.g., mitochondrial biogenesis and regulation of cellular generation of ROS). A substantial part (~50%) of the respiration in skeletal muscle at rest has been attributed to NCR, and changes in NCR may have a large influence on the basal metabolic rate (BMR) and on weight homeostasis. However, as mentioned above, the technique has in the past been hampered by the requirements of large amounts of tissue, which had to be obtained surgically. Recently, several laboratories have developed techniques to measure mitochondrial respiration in small muscle samples. This has become possible by increasing the sensitivity of the method by (i) developing a custom-made oxygraph with extraordinarily small measuring chamber, (ii) construction of powerful electronics for amplification of the relatively weak signal, or (iii) optimization of the procedure for isolation of mitochondria (for references, see (9)).
V max has also been estimated by measurements of respiration in crude homogenate of human muscle. In contrast to isolated mitochondria measurements in muscle, homogenates do not provide information about qualitative features of mitochondrial function due to the presence of other cellular components (e.g., ATP-ases). Furthermore, because the chemical composition of the homogenate cannot be controlled the technique is subject to a number of potential artifacts. Schemes of the isolation of mitochondria and preparation of skinned fibers from human muscle biopsy specimen. Pellet (X) and Supernatant (X) means that these fractions were discarded. Typical oxygraphic traces of mitochondrial respiration in isolated mitochondria and skinned fibers are shown.
Permeabilized Muscle Fibers (Skinned Fibers)
Russian investigators developed an alternative method for determination of mitochondrial oxygen consumption in the late 1980s (for references, see (3) ). The technique is based on measurements of respiration in muscle fibers with sarcolemma permeabilized by saponin (skinned fibers; Fig. 1 ). This method was originally developed for studies of cardiac tissue but was later adapted and validated for assessment of mitochondrial respiration in skeletal muscle. An advantage of using permeabilized fibers is that mitochondria may be studied in situ inside the fibers and therefore the structure and function of mitochondria are less affected during the preparation. Another advantage of using the saponin skinning technique is that the minimum sample size is much smaller (about 5 mg) compared with isolated mitochondria (about 50 -100 mg). However, the P/O ratio of mitochondria cannot be easily determined with skinned fibers technique.
Noninvasive Methods
Several noninvasive methods have been used for the assessment of mitochondrial function in human muscle. With magnetic resonance spectroscopy ( 31 P-MRS), cytoplasmic concentrations of bioenergetically relevant phosphate metabolites can be determined repeatedly with a high time resolution. Measurements of PCr resynthesis kinetics during recovery from exercise have been used for estimation of muscle oxidative power. The relationship between the rate of PCr resynthesis and intracellular concentration of free ADP, calculated from phosphorus metabolites (ATP, PCr, and hydrogen ions (H ϩ ) derived from inorganic phosphate (Pi)), was used for investigations of the control of oxidative phosphorylation in human muscle in vivo. However, analysis of muscle mitochondrial function by 31 P-MRS is complicated by the constraints imposed by the creatine kinase (CK) equilibrium. Estimations of maximal oxidative power from initial rate of PCr resynthesis are based on the assumption that the flux of CK reaction toward PCr is limited by aerobic ATP delivery and that oxidative phosphorylation is maximally stimulated by high cytosolic ADP concentration. However, high cytosolic ADP concentration would limit the CK reaction in the direction of PCr resynthesis. The possibility that the CK reaction may limit the initial rate of PCr resynthesis deserves further attention.
Near-Infrared Spectroscopy (NIRS) is another noninvasive technique by which muscle oxygen availability and oxygen utilization can be assessed. There is no doubt that the noninvasive techniques are useful to provide information of oxidative metabolism in patients with oxidative dysfunction and to follow the muscle adaptation to training in athletes. However, they will provide limited information about the molecular basis of bioenergetic events in mitochondria.
ADP AND CREATINE/PHOSPHOCREATINE (Cr/PCr) CONTROL MITOCHONDRIAL RESPIRATION
The most widely recognized component in the regulation of mitochondrial energy production is the cytosolic free ADP concentration. ADP has a role in all commonly presented models for respiratory control and was identified as an important stimulator of mitochondrial respiration in the early 1950s by classical studies on isolated mitochondria. The Km for ADP in isolated muscle mitochondria has been determined to be 11-20 M (for references see (9)). Estimates of free ADP concentration in resting muscle (calculated from the CK equilibrium) vary between 7 and 20 M, which would correspond to roughly 50% of maximum respiration. The low rate of O 2 consumption in resting muscle in vivo (about 2%) is not compatible with the muscle (free ADP) and the low Km value observed in isolated mitochondria. In contrast to isolated mitochondria, studies on saponin-skinned fibers in rodent slow-twitch muscles demonstrated that half-maximal respiration was reached at an ADP concentration that is an order of magnitude higher. Recent studies on saponin-skinned fibers from human muscle give the same results (7, 11, 12, 13) . The higher Km value in skinned fibers is more compatible with the rate of oxygen utilization and ADP concentration observed at rest. The difference in ADP sensitivity between isolated mitochondria and skinned fibers is probably due to damage of the outer mitochondrial membrane during the preparation of isolated mitochondria.
Cr and PCr Modulate Sensitivity of Mitochondrial Respiration to ADP
Studies on skinned fibers from rodent and human skeletal muscle demonstrate that the respiration at submaximal ADP concentration increases when Cr is added to the respiration medium ( Fig. 2) . Recently, a study from our laboratory demonstrated that PCr lowers the submaximal respiration in skinned fibers from human muscle (Fig. 2) , i.e., it acts in the opposite way to Cr and lowers the sensitivity of mitochondrial respiration to ADP (14) .
The effect of Cr/PCr on mitochondrial respiration is mediated by mitochondrial creatine kinase (CKmit), which is located in the mitochondrial intermembrane space. The local concentration of free ADP will increase in the presence of Cr and decrease in the presence PCr by the action of CKmit. Because CKmit is located in the proximity of adenine nucleotide translocase, the respiration rate will be affected. The location of CKmit and the low permeability of outer mitochondrial membrane to adenine nucleotides constitute the basis for the action of Cr-shuttle. The Cr-shuttle model of muscle energetics depicted in Figure 3 states that Cr is transported from ATP-utilizing sites (e.g., myofibrils, sarcoplasmic reticulum) to mitochondria, whereas PCr is transported in the reverse direction.
The low sensitivity of muscle fiber respiration to ADP and the effect of Cr/PCr are explained by a limited diffusion of ADP through the outer mitochondrial membrane. An alternative explanation could be that the diffusion of ADP is restricted within the fiber and that cytosolic CK facilitates ADP diffusion from the bulk phase to mitochondria. However, recent findings in transgenic mice demonstrate that the stimulatory effect of Cr in wild-type mice was absent in fibers from mitochondrial CK-deficient mice, but not in cytosolic CK-deficient mice (3) . This supports the contention that the effect of Cr/PCr on mitochondrial respiration is due to interaction with mitochondrial CK and not cytosolic CK.
Further support for the Cr-shuttle hypothesis is that exposure of skinned fibers to hyperosmotic medium (which disrupts the mitochondrial outer membrane) abolishes the effect of Cr on respiration and increases the ADP sensitivity.
The recognition of Cr and PCr as essential regulators of mitochondrial ATP production in human skeletal muscle indicates that the efficient control of aerobic energy generation characterizing this dynamic tissue involves tight interaction between aerobic and anaerobic metabolism. What could the physiological advantage be with this type of control? Firstly, modulation of oxidative phosphorylation by PCr/Cr system would reduce the extent of ADP fluctuation during exercise and thus reduce activation of other metabolic pathways (e.g., glycogenolysis, glycolysis, and AMP deamination). This will delay muscle fatigue and, hence, increase endurance. Secondly, with a low ADP sensitivity, the energetic system may operate at a higher cytosolic (ADP), which implies that mitochondria can conduct oxidative phosphorylation at a lower driving force (i.e., lower proton motive force; ⌬p). Operation at a lower ⌬p may, theoretically, increase the efficiency of oxidative phosphorylation and reduce formation of ROS by mitochondria. Further experiments are required to elucidate this hypothetical scenario.
Studies on permeabilized muscle fibers from animals have reported that Cr stimulates respiration at submaximal ADP in cardiac and slow-twitch, but not in fast-twitch, skeletal muscles. In contrast to animals, human skeletal muscle consists of a mixture of fibers representing different types. In a study from our laboratory, a positive relationship (r ϭ 0.84; P Ͻ 0.01; N ϭ 10) was found between Cr-induced increase in respiration and relative Type I fiber area in skeletal muscle in humans (7) . This finding indicates that fiber-type-specific control of mitochondrial respiration is also present in human muscle.
EFFECTS OF ACUTE EXERCISE ON MITOCHONDRIAL FUNCTION
Acute exercise is associated with perturbations of physical and chemical composition of the intracellular environment. Schematic presentation of the creatine shuttle. Cr is transported from ATP-utilizing sites (e.g., myofibrils, sarcoplasmic reticulum) to mitochondria, whereas PCr is transported in the reverse direction. Due to the presence of CKmit at inner mitochondrial membrane, Cr will react with ATP formed by oxidative phosphorylation, which will increase local ADP concentration and stimulate respiration. Conversely, PCr will decrease ADP concentration and respiration. ANT, adenine nucleotide translocase. Some of the exercise-induced changes serve as regulating signals for the adjustment of the rate of ATP synthesis to increased energy demand. However, challenged intracellular homeostasis during acute exercise may not only affect the respiration rate of mitochondria, but may also elicit lasting alterations in the intrinsic properties of mitochondrial function.
Changes in Respiratory Parameters
Since small-scale techniques for measurements of integrated mitochondrial function in human muscle became available in the mid-1990s, several studies have aimed to answer the old question of whether or not muscle fatigue is caused by or related to mitochondrial dysfunction. Some (but not all) studies on rats and horses have shown that maximal respiration (V max , measured in muscle homogenates and isolated mitochondria) is decreased in muscle samples taken after exhaustive exercise. However, recent studies of human skeletal muscle demonstrate that V max in skinned muscle fibers increases both after prolonged exercise at moderate intensity (7) and after intermittent exercise (11) . After eccentric exercise, V max remained unchanged (12) . V max measured in isolated mitochondria was unaltered by prolonged or high-intensity exercise (4,11). As evident from the unchanged or increased maximal respiration rate, maximal oxidative potential in human muscle is well protected from potentially destructive changes of physical and chemical milieu during exercise. The data from investigations on humans are thus contrary to some previous results in animal studies. Possible reasons for this disagreement may be related to species differences or to differences in methodology.
Recently, Green et al. (2) reported that a single extended session of heavy exercise induced a pronounced reduction in glycogen utilization PCr breakdown and lactate accumulation in human vastus lateralis muscle during standardized submaximal cycle protocol. This altered metabolic response was not accompanied by changes of the maximal activity of mitochondrial marker enzymes. It is possible that the early adaptive response reported by Green et al. (2) is a consequence of the increased V max observed in our experiments on skinned muscle fibers.
Noncoupled respiration (NCR) measured in human skinned muscle fibers increased by 18% after prolonged exhaustive exercise (7) but remained unchanged after highintensity intermittent (11) or eccentric exercise (12) . The increased NCR after prolonged exercise may contribute to the slow component of excess postexercise oxygen consumption. The reason why NCR increases after prolonged exercise is not clear. One possibility is that formation of ROS alters mitochondrial membrane permeability to H ϩ . Recent studies on isolated mitochondria demonstrated that NCR is strongly increased by oxidative stress (10) . Alternatively, increased postexercise NCR may be related to activation or increased content of uncoupling proteins, such as UCP3 and UCP2. Further experiments are required to elucidate this possibility.
The ratio between ADP phosphorylated by isolated mitochondria and oxygen consumed (P/O ratio) reflects the efficiency of oxidative phosphorylation. Back-leakage of protons through the mitochondrial membrane would reduce P/O ratio. P/O ratio remained unchanged after high-intensity exercise, which suggests that the efficiency of oxidative phosphorylation was unaltered (11) . However, it should be noted that the P/O ratio of isolated mitochondria was measured during maximal ADP-stimulated respiration, which will reduce ⌬⌿ and proton leakage. Therefore, it cannot be excluded that the effective P/O ratio during submaximal respiration may be influenced by exercise.
Metabolic Changes and Mitochondrial Function
Studies where mitochondrial function before and after acute exercise is examined under normalized conditions cannot investigate the acute, reversible effects of exercise-related changes in pH, electrolyte composition, and metabolite concentration on oxidative function. A methodological approach suitable to study the acute effects of altered milieu on oxidative phosphorylation is to simulate chemical and physical conditions existing in the contracting muscle cell during measurements in vitro. The combined effect of different relative concentrations of PCr and Cr, simulating different metabolic conditions, was recently investigated in human skinned muscle fibers (14) . Mitochondrial respiration at submaximal ADP was similar when PCr and Cr were added in concentrations similar to those in muscle at rest (PCr/Cr ϭ 2) and during low-intensity exercise (PCr/Cr ϭ 0.5). At conditions mimicking high-intensity exercise (PCr/Cr ϭ 0.1), respiration rate increased twofold (Fig. 4 ). These results demonstrate that changes in PCr/Cr ratio during transition from rest to high-intensity exercise effectively raise the sensitivity of mitochondrial respiration to ADP.
In addition to increases in ADP and Cr/PCr ratio, there is experimental evidence that oxidative phosphorylation in human muscle can be activated in vivo by increase in NADH/ NAD ϩ . Infusion of dichloroacetate, a known activator of pyruvate dehydrogenase, before exercise resulted in reduced PCr depletion and glycolytic flux during ischemic and hypoxic exercise. This effect is probably explained by increased redox drive (NADH/NAD ϩ ) occurring secondary to activation of pyruvate dehydrogenase. Several of the NADH-pro- ducing reactions in the TCA cycle are activated by Ca 2ϩ . Increase in cytosolic and mitochondrial Ca 2ϩ during exercise might be a mechanism whereby muscle mitochondria sense expected changes in the energy demand. However, the importance of Ca 2ϩ as a stimulus of mitochondrial respiration in skeletal muscle is uncertain. Preliminary results from our laboratory demonstrate that mitochondrial respiration is not affected by changes in Ca 2ϩ within the physiological range. However, it is possible that under the prevailing experimental conditions the redox drive of oxidative phosphorylation was already maximal and that further activation of the TCA cycle by Ca 2ϩ , therefore, had no effect. Activation of anaerobic pathways during high-intensity exercise results in accumulation of metabolic products such as Pi and H ϩ . Pi is a prerequisite for oxidative phosphorylation of ADP; however, when Pi concentration exceeds 5 mmol/L, mitochondrial CK dissociates from mitochondrial membrane. Given the important role of CKmit in the control of local ADP, it seems likely that dissociation of CKmit by high levels of Pi may reduce Cr-stimulated respiration. Furthermore, some (but not all) studies on isolated muscle mitochondria reported that ADP stimulation is reduced by acidosis. A very recent study from our laboratory on skinned fibers from rat skeletal muscle demonstrated that conditions encountered during high-intensity exercise (increased Pi and H ϩ ) impair Cr-stimulated mitochondrial respiration at submaximal ADP (unpublished data).
Can Mitochondria Oxidize Lactate?
During intense exercise, carbohydrates constitute the primary substrate for aerobic energy generation. The current view on oxidative metabolism is that mitochondria use carbohydrates in the form of pyruvate that is transferred into mitochondria through a monocarboxylate carrier, and, after oxidative decarboxylation to acetyl-CoA, is further metabolized in the TCA cycle. In a recent paper, Brooks et al. challenged this classical view and concluded that mitochondria in vivo predominantly oxidize lactate (1) . The ability of mitochondria to oxidize lactate (if correct) would change our understanding of cellular fuel utilization, and the model named "intracellular lactate shuttle" has received a great deal of attention in the recent literature. However, the direction of LDH reaction is dependent on the substrate-product relationship (pyruvate ϩ NADH ϩ H ϩ 7 lactate ϩ NAD ϩ ). It is well established that the NAD ϩ /NADH ratio in mitochondrial matrix is several orders of magnitude more reduced than it is in the cytosol. The maintenance of a highly reduced state is a well-known and accepted feature of mitochondria and is a prerequisite for the redox drive of oxidative phosphorylation. If we assume that LDH is operating in mitochondrial matrix, pyruvate would be converted to lactate and not the converse. Furthermore, recent findings from our laboratory (unpublished data) show that isolated mitochondria from rat soleus muscle are unable to oxidize lactate directly (i.e., without prior cytosolic conversion to pyruvate) and that the activity of LDH in mitochondria is negligible. The presence of an "intracellular lactate shuttle" can therefore be questioned.
SKELETAL MUSCLE MITOCHONDRIAL FUNCTION ADAPTS TO TRAINING
Maximal Muscle Oxidative Potential
Previous observations have documented that muscle mitochondrial enzymes activity and mitochondrial volume are linearly related to whole-body maximal oxygen uptake in humans. Both cross-sectional and longitudinal studies demonstrated a positive relationship between V max (measured in skinned fibers and in isolated mitochondria) and V O 2 max (9,10,13,15) . A question of interest is whether the specific activity of skeletal muscle mitochondria (i.e., activity expressed relative to mitochondrial mass) is altered by exercise training. Our results show that ADP-stimulated mitochondrial respiration expressed relative to muscle CS activity, a marker of mitochondrial mass, was similar in trained and untrained subjects (9) . Furthermore, the increase in mitochondrial oxygen consumption in response to a 6-wk endurance-training program (ϩ 40% and ϩ 38% in isolated mitochondria and skinned fibers, respectively) was matched by a similar increase in muscle CS activity (ϩ 47%) (10, 13) . These findings indicate that the observed increase in mitochondrial respiration expressed per muscle weight is attributed to the expansion of mitochondrial mass, rather than to changes in specific activity (see Table 1 ).
Effects of Training on the Control of Mitochondrial Respiration by ADP and Cr
It is well known that endurance training results in enhanced performance and delayed onset of fatigue during endurance exercise. This is explained by an increased mitochondrial content and, thus, muscle aerobic power. With a higher mitochondrial density in trained muscle, the rate of substrate flux per individual mitochondrion will be less at any given rate of ATP hydrolysis. Therefore, the required activation of mitochondrial respiration by ADP to achieve a given rate of ATP formation will be less, resulting in increased ADP sensitivity of muscle oxidative phosphorylation. The question that remained unanswered is how the sensitivity of each individual mitochondrion to modulators (particularly free-ADP concentration) is affected by training. In a recent study, we paradoxically observed that the apparent Km for ADP increased by 50% in human muscle fibers after 6 wk of endurance training (13) . Furthermore, a negative correlation was observed between sensitivity of mitochondrial respiration for ADP and the relative area of Type I fibers in human muscle (7) . These findings signify that endurance training decreases the ADP sensitivity in each mitochondrion. In contrast, the stimulatory effect of Cr on respiration at submaximal ADP was augmented by endurance training (6, 13) .
The training-induced decrease in ADP sensitivity at individual mitochondrion level seems to be paradoxical, because it acts in the opposite direction to the increase in ADP sensitivity of whole mitochondrial population associated with enhanced mitochondrial volume. However, the stronger effect of Cr after training will counteract the decrease in ADP sensitivity. The combination of decreased ADP sensitivity and enhanced Cr effect (at the level of individual mitochondrion) will, therefore, improve the capacity for reg-ulation of oxidative phosphorylation of aerobically trained individuals (Fig. 5) .
Decreased ADP sensitivity in trained muscle may also prevent increase in ATP/ADP ratio in resting muscle, which otherwise could be a consequence of an increased muscle mitochondrial content. Consequently, mitochondria in resting muscle can operate at higher ADP and a lower driving force, which may provide an advantage in that the efficiency of oxidative phosphorylation is increased and formation of ROS reduced (see above).
Effects of Training on Noncoupled Mitochondrial Respiration
In contrast to the training-induced increase in V max , NCR remained unchanged in isolated mitochondria (9,10). The results of longitudinal studies on skinned muscle fibers are conflicting in this respect. In one study, a marked decrease in fiber NCR was observed after 4 months of endurance training in elite athletes (6) . However, in another study NCR increased by 35% after 6 wk of endurance training (13) . The .
NCR, non-coupled respiration; FFA, free fatty acids; mit, mitochondria; isol, isolated.
Figure 5.
Schematic representation of interaction between training-induced changes in mitochondrial parameters and their impact on the sensitivity of oxidative phosphorylation to ADP.
reasons for these disparate findings (Table 1) are unclear, but differences in the initial training status of the subjects could be an explanation. Apparently, further studies are required to elucidate the effect of chronic exercise on mitochondrial NCR.
The sensitivity of NCR to stimulation by free fatty acids (FFA) was shown to increase twofold after 6 wk of endurance training in humans (Fig. 6) (8) . The more pronounced effect of FFA on NCR after the training period may be related to augmented expression and/or activation of specific proteins in mitochondrial membrane. However, direct experimental evidence for this hypothesis remains to be established. It is possible that the increase in FFA-stimulated NCR after training may result in elevated resting oxygen utilization and increased heat production in skeletal muscle. Because skeletal muscle is a major contributor to BMR in humans, this would cause a rise in BMR, which may affect the balance between intake and expenditure of energy and, thus, body weight regulation.
SUMMARY AND PERSPECTIVES
The main control signal of oxidative phosphorylation is ADP. Findings in skinned fibers demonstrate that the sensitivity to ADP is much lower than previously believed. Respiration is also stimulated by increases in Cr and decreases in PCr, which, through the creatine shuttle, modulate the local ADP concentration (Fig. 7) . Acute exercise does not adversely affect mitochondrial function. On the contrary, V max increases after both high-intensity and prolonged exercise. Endurance training increases the mitochondrial content and alters intrinsic qualitative properties of mitochondria (Table  1) . After training, ADP sensitivity of mitochondrion is decreased whereas the effect of Cr is increased. This would result in an improved control of aerobic energy production and a tighter coupling between the rate of energy utilization and mitochondrial ATP production. Part of mitochondrial O 2 utilization is not coupled to ATP formation. FFA stimulates NCR and the effect is increased after training.
Although our knowledge of how mitochondrial function adapts to physical exercise has increased during recent years, there remain many exciting questions: Is the energetic efficiency of oxidative phosphorylation (i.e., P/O ratio) changed by exercise or training? How is mitochondrial fuel utilization controlled at the cellular level? What is the role of mitochondrial redox status in control of oxidative phosphorylation during exercise? Can changes in NCR be of major importance in weight homeostasis? Figure 6 . Relative increase in noncoupled oxygen consumption rate of isolated human skeletal muscle mitochondria induced by oleate. Noncoupled oxygen consumption rates were measured in mitochondria isolated from human muscle samples obtained before and after a 6-wk endurance-training period. Respiring mitochondria were subjected to incremental additions of oleate to final concentrations of 40, 80, and 120 M, corresponding to the calculated free oleate concentrations of 21, 239, and 8365 nM, respectively. Values are mean Ϯ SEM, N ϭ 8. * P Ͻ 0.05 vs pretraining. Data from (8). Schematic presentation of the effects of changes in ADP, PCr/Cr, and Pi on the rate of oxidative phosphorylation during exercise.
